ABSTRACT: Previous studies have revealed that physical activity can affect brain function and cognitive decline.
INTRODUCTION
Alzheimer's Disease International estimated that 36 million people worldwide are living with dementia, with numbers doubling every 20 years to 66 million by 2030, and 115 million by 2050 1) . The population is aging with ever-larger numbers of individuals reaching ages where a decline in function is more common. Therefore, preventing cognitive function decline and dementia is one of the most important issues worldwide. Both cognitive function and brain volume decline with age. Age-related changes to the brain have been shown to occur earliest in the prefrontal cortex (PFC) 2, 3) , and Raz, et al. 4) have shown that the most substantial age-related decline in brain volume was found in the PFC. Age leads to a decline in the cerebral blood flow of the PFC 5, 6) . Moreover, patients in the early stages of dementia have lower PFC blood flow than age-matched controls 7) . Kalpouzos, et al. 8) have shown that the decrease in glucose metabolism of the PFC was mostly related to aging in healthy elderly participants.
Therefore, maintaining PFC function is important for preventing cognitive decline. Many studies have clarified that certain life styles such as those involving physical activity [9] [10] [11] [12] , cognitive activity [13] [14] [15] , and good eating habits [16] [17] [18] [19] may be able to prevent cognitive impairment and dementia. In particular, the role of physical activity is supported by evidence from both behavioral and physiological studies. Larson, et al. 10) indicated in a cohort study with a mean follow-up of 6.2 years that 158 out of 1740 participants developed dementia. The incidence rate of dementia was significantly lower in the group of participants who exercised three or more times per week compared to the group of participants who exercised less than three times per week. Lautenschlager, et al. 20) showed in a randomized trial that an intervention of at least 150 min of moderate-intensity physical activity per week provided a modest improvement in cognitive function. Moreover, brain-derived neurotrophic factor (BDNF) was related to Mini-Mental State Examination (MMSE) scores 21) , which were decreased in patients with Alzheimer's disease 22) , but increased after physical activity 23) . Therefore, physical activity is one of the most important lifestyles for preventing dementia or cognitive decline. Previous studies have revealed that physical activity affects brain function or cognitive decline. Additionally, in a prior study 24) , we confirmed that brain activation in the PFC during a cognitive task was correlated with cognitive function. Based on these findings, we formulated the hypothesis that brain activation also affects cognitive function, which increases due to stimulation by physical activity. However, these relationships have not yet been clarified. Therefore, the purpose of this study was to verify this hypothesis, and to identify the causal relationships between physical activity, brain activation, and cognitive function using the statistical method of path analyses in a multi-model approach.
SUBJECTS AND METHOD

Participants
Forty-six healthy volunteers (10 males and 36 females) participated in this study. All participants were healthy and without impairment in their visual or auditory senses. All participants demonstrated independence in activities of daily living. Informed consent was obtained from all participants prior to enrollment. This study was approved by the Ethics Committee of Seirei Christopher University (approval No. 10067).
Assessment of physical activity
We assessed self-reported physical activity by asking subjects whether they performed exercise as part of their normal routine 25) . Physical activities included walking for exercise, gardening or yard work, calisthenics or general exercise, bicycle riding, and swimming or water exercise. Minutes spent engaged in each of these activities were summed and expressed as min of activity/week 25) . This method of assessing physical activity is used in the field of public health 25, 26) , and its validity and reliability have been confirmed in previous studies 27, 28) .
Measurement of brain activation
We measured PFC activation during a dual task, in accordance with our previous study 24) . The dual task combined cognitive and motor execution tasks, which were performed while participants were seated. The cognitive task involved performing serial subtractions of 7 beginning with 100 and continuing as follows: 100, 93, 86, 79, etc. The results of each calculation were spoken aloud so accuracy could be assessed. In the motor execution task, seated participants were instructed to step in place with each foot. PFC activation was recorded using near-infrared spectroscopy (NIRS). Rest and task periods were each 30 s, and each task was repeated three times. During the rest period, participants counted aloud, each at their own pace. The NIRS (ETG-7100, Hitachi Medical, Tokyo, Japan) measured the concentrations of oxygenated (oxy-Hb) and deoxygenated (deoxy-Hb) hemoglobin using two wavelengths of near-infrared light (695 nm and 830 nm). The distances between the injector and detector were 3.0 cm, and it was determined that the machine measured points in a shallow section of the gray matter, that is, the surface of the cerebral cortices 29, 30) . The NIRS probes contained 3 × 10 lines of plastic transmitter/receiver shells (47 channels). We placed the optode grid on the head of the subjects according to the 10-20 positioning system and the lowest probes were placed along Fp1-Fp2 (Fig. 1 ). The sampling frequency was 10 Hz, the processed moving average was 5 s, a 0.5-Hz low-pass filter was used to remove the effects of Mayer waves, and a 0.01-Hz high-pass filter was used to remove baseline drift. Baseline corrections were made using the values from 10 s before the dual task and 20-30 s after the dual task using the least squares method. We only analyzed oxy-Hb signals as indicators of changes in regional cerebral blood flow because oxy-Hb is more sensitive than deoxy-Hb 29) . The task was repeated three times and the data were averaged. These analyses were performed using the "integral mode" of the ETG-7100 software (Hitachi Medical, Tokyo, Japan). The oxy-Hb data produced by the NIRS probes were segregated using a region of interest (ROI) 31) , and included the probes focused on the PFC, which were isolated for analysis. The 14 channels (probe numbers 22, 23, 24, 25, 26, 32, 33, 34, 35, 41, 42, 43, 44, and 45) that corresponded to the PFC were selected as the ROI (Fig. 1 ). To confirm the task related changes (Δ oxy-Hb), we calculated the difference between the average values from the whole task period and the values from the 10-s rest period before the task. 
Measurement of cognitive function
The MMSE and Trail-Making Test (TMT) were used to assess participants' cognitive states. The MMSE is one of the most common screening tools for cognitive impairment in older adults 32) , and it screens for impairment in overall brain function (i.e., the frontal, parietal, and temporal lobes) 33) . The TMT assesses several cognitive functions including working memory, attention, and motor speed 34, 35) . The TMT consists of two parts, A and B. Performance on the TMT Part B (TMT-B) is thought to reflect PFC functions including executive functions, attention, and working memory 35, 36) . Because we were specifically examining PFC activity and function, the TMT-B was administered to participants. The TMT-B contains the numbers 1 to 13 and Japanese characters scattered on a sheet of paper, and participants must draw a line alternately between consecutive numbers and the appropriate sequential Japanese character. The time required to complete the TMT-B task was measured for each participant.
Statistical analyses
To determine the relationships between physical activity, brain activation, and cognitive function, a path analysis was conducted using Structural Equation Modeling with IBM SPSS Amos (ver. 16.0 for Windows; IBM SPSS Japan, Tokyo, Japan). The mediating effects of the variables were evaluated in a specified model with path diagrams. Path analyses allow the testing of causal relationships among a set of observed variables. We constructed a model based on our hypothesis. We explored whether the TMT-B score could be a result of the brain activation and therefore, a cause for physical activity. To do this, we switched the positions of the TMT-B score, brain activation, and physical activity in the model. Moreover, cognitive function and brain activation were affected by aging 37, 38) . We also used age to adjust each model. To compare the models, we examined the following standard fit indices: chi square (  ), comparative fit index (CFI), adjusted goodness-of-fit index (AGFI), root mean square error of approximation (RMSEA), and the Consistent Akaike Information Criterion (CAIC) [39] [40] [41] . 
RESULTS
Participants' demographics and measurement scores are presented in Table 1 . The participants (10 males and 36 females) ranged in age from 62 to 88 years (mean: 76.1, standard deviation [SD] 6.8). All participants had a score above 23 on the MMSE (mean score: 28.5, SD 1.7). The mean time required for the TMT-B was 150.9 s (SD 106.4). Figure 2 shows our hypothesis model indicating that cognitive function is affected by physical activity via brain activation (Model 1). This model was a good fit and the following significant paths were identified: (1) from physical activity to brain activation, (2) from brain activation to cognitive function, and (3) from age to cognitive function. We also verified another model (Model 2; Fig.  3 ), which was based on the hypothesis that brain activation is affected by physical activity and cognitive function. In this model, the path coefficients to brain activity from both physical activity and cognitive function were significant, respectively. However, the results of the fitting analyses indicated that the fit of Model 1 was better than Model 2 ( Table 2 ). Above each path is the path coefficient for that path. All standardized path coefficients, except for the one from age to brain activation, were statistically significant (P < 0.05).
Fig. 3. Path analyses for hypothesized Model 2
Abbreviations: e, errors in variables. Above each path is the path coefficient for that path. All standardized path coefficients, except for the one from age to brain activation, were statistically significant (P < 0.05). 
DISCUSSION
In this study, we examined the relationships between brain activation, physical activity, and cognitive function in older people using the statistical method of path analyses in a multi-model approach. The results demonstrated that Model 1 was the most statistically possible model. This model supported our hypothesis that cognitive functioning is affected by physical activity via brain activation. The participants in this study all had MMSE scores above the commonly used cut-off score of 23 42) . However, some participants had lower TMT-B scores. Therefore, we considered that our group of participants contained some individuals with early cognitive decline, although their general cognitive functioning was maintained. Our results revealed that PFC functioning as measured by the TMT-B was affected by the dual task combining cognitive and motor execution tasks. In order to perform the dual task, it is necessary to allocate attention properly to each cognitive and motor task. Therefore, the brain activation during the dual task might indicate an attentional function. Our prior study indicated a relationship between brain activation during the dual task and TMT-B scores. TMT-B scores reflect the attentional aspects of PFC functioning 34, 35) . In the present study, we demonstrated that the path coefficient from brain activation during the dual task to the TMT-B score was significant. This means that cognitive function is affected by brain activation. Therefore, we clarified the causal correlation between cognitive function and brain activation, which suggests that cognitive functions depend on brain activation. To confirm this, we verified a second model, Model 2, in which brain activation was affected by cognitive function. In regard to Model 2, the path coefficient from cognitive function to brain activation was significant, but all fit indices (   CFI, AGFI, RMSEA, and CAIC) suggested that Model 2 was not better than Model 1. Therefore, Model 1 indicating that brain activation affects cognitive function appears to be more statistically probable than Model 2, and suggests that cognitive function affects brain function. Thus, our model implies that it might be effective to improve or maintain brain activation related to cognitive tasks in order to prevent cognitive decline. The path coefficient from physical activity to brain activation was also significant. Participants in this study who had many hours of physical activity in a week had more brain activation during the dual task. In order for brain activation to occur during the task, the brain structure and brain blood vessels in the participant must be maintained because NIRS measures the blood flow at the brain surface. In previous studies, it has been suggested that physical activity has beneficial effects on brain structure and function. Colcombe, et al. 43) and Erickson, et al. 44) indicated that aerobic exercise training increases gray and white matter volume in the PFC. Bullitt, et al. 45) investigated the age-related changes in brain blood vessels, and suggested that by keeping a healthy state, exercise can increase the number of small-caliber brain blood vessels. Rosano, et al. 46) indicated that a group of participants who walked regularly for exercise had significantly greater PFC functioning and higher PFC activity than a control group. Many studies have indicated that physical activity in daily living has a beneficial effect on brain structure, and the results of this study showing that physical activity affects brain activation support these previous studies. Therefore, in the participants who engaged in physical activity regularly, the brain structure and blood vessels might have been kept in better condition, thus improving their brain activity. Furthermore, physical activity has beneficial effects on cognitive function. Many studies have reported that aerobic exercise prevents cognitive decline [9] [10] [11] . Moreover, recent reports have suggested that both aerobic exercise and a higher level of total daily physical activity can help prevent cognitive decline 25, 47) . In our results, we showed that Model 1, indicating physical activity affects cognitive function via brain activation, was a good fit. This suggests that physical activity has a beneficial effect on cognitive function via encouraging brain activation. A previous study reported the beneficial effects of physical activity on brain structure and cognitive function, respectively. However, these causal relationships were not clear. In the present study, we clarified the causal relationships between them statistically. This result encourages increasing the time spent engaging in physical activities in daily living to prevent cognitive decline and brain aging. There were some limitations in this study. First, this study is only a cross-sectional study; therefore, it cannot indicate the real causal relationship. We intend to confirm it in a randomized control trial in a further study. Second, a physically active lifestyle is not the only method for preventing cognitive decline. Previous studies have shown that many other lifestyles including those with increased cognitive activities [13] [14] [15] or eating habits [16] [17] [18] [19] can also prevent cognitive decline. Additionally, brain activity demonstrates sex-related differences 48) . We could not verify these differences because our sample size was too small. More studies with a larger number of participants and more detailed lifestyle evaluations are needed to confirm the sex differences and identify which lifestyle is the most beneficial for preventing cognitive decline and brain aging. Third, we could not investigate whole-brain activation because of the instrumental limitations. Therefore, future studies should examine whole-brain activation using other instruments and consider the connectivity between various regions of brain activation.
CONCLUSION
In conclusion, we revealed a causal relationship between physical activity, brain activation, and cognitive function by using a multi-model statistical approach with path analyses. The model in which cognitive function was affected by physical activity via brain activation was statistically reasonable. Physical activity might enhance task-related brain activation, and high brain activation might be beneficial when performing a cognitive task. This result suggests that regular physical activity may maintain or promote brain function and cognitive function. Therefore, encouraging physical activity may help decrease dementia. 
